Abstract: We demonstrate a guided-wave degenerate OPO comprising a PPLN waveguide and a polarization-maintaining optical fiber. The output frequency comb centered at 1548 nm is ∼75-times broader than the pump and is phase locked to it. OCIS codes: 190.4410, 190.7110, 320.7110. Half-harmonic generation of femtosecond pulses can be achieved in synchronously pumped optical parametric oscillators (OPOs) at degeneracy, where the produced pulses have an optical carrier frequency of half the pump carrier frequency. This process benefits from simplicity of the setup, low-threshold, high conversion efficiency, and is shown to possess intriguing coherence properties including the intrinsic frequency and phase locking of the generated signal to the pump [1] . Starting from mode-locked lasers as pumps, half-harmonic generation is employed for producing broadband mid-IR frequency combs [1, 2] highly desirable for molecular spectroscopic applications. Due to the broad parametric gain bandwidths at degeneracy, these OPOs can potentially generate signal pulses that are significantly shorter than the pump pulses with high conversion efficiencies, which requires precise engineering of the intracavity dispersion and temporal walk-off between the pump and signal pulses [3] . In previous demonstrations of half-harmonic generation, because of using free-space optics and short nonlinear crystals the physical size of the OPOs have been large, and they required femtosecond pump pulses.
Controller" Fig. 1 . a, Schematic of the guided-wave degenerate OPO, b spectrum of the pump centered at 774 nm, c spectrum of the OPO output centered at 1548 nm, d sample of the RF spectrum of the interference of the OPO output and a 1-nm-wide reference signal scanned over the whole output spectrum.
the SHG crystal to provide degenerate parametric gain in the PPLN waveguide. The spectrum of the pump is shown in Fig. 1b . When the OPO is stabilized at degeneracy, it outputs ∼1 µW of average power with a spectrum shown in Fig. 1c . To verify that the broad output spectrum is phase and frequency locked to the pump, we use a tunable ∼1-nm-wide local oscillator and interfere it with the OPO output and scan the local oscillator over the whole signal spectrum. The local oscillator signal is generated from the 1560-nm mode-locked laser that is used to generate the pump pulses, and a monochromator is used to select a ∼1-nm-wide spectral slice of it. Therefore, the picosecond pump pulses at 774 nm are inherently phase-locked to this reference signal. A sample of the RF spectrum of the heterodyne output is depicted in Fig. 1d , with a peak at 100 MHz corresponding to the repetition frequency and a weaker peak at 50 MHz. The 50-MHz peak indicates that the carrier-envelope frequencies of the interfering frequency combs differ by half the repetition frequency. This is one of the two solutions of half-harmonic generation described as two frequency states in [1] . The narrowband local oscillator is scanned through the whole spectrum of the signal, and the 50-MHz peak is observed in all measurements confirming the phase and frequency locking of the OPO output to the pump.
In conclusion, we demonstrate a guided-wave degenerate OPO to generate a frequency comb at half the central frequency of the pump, which is 75-times broader than the pump at the 3-dB level. We confirm the intrinsic frequency locking of the generated comb to the pump over the whole spectrum. By precise optimization of the intracavity dispersion and the temporal walk-off, the output bandwidth can get closer to the gain bandwidth of the PPLN waveguide, therefore, phase-locked generation of sub-100-fs frequency combs is expected from picosecond pump pulses. The conversion efficiency can be improved by lowering the coupling losses and optimizing the output coupling. Monolithic guided-wave implementation of degenerate OPOs for instance on PPLN can enable on-chip sources of broadband near-and mid-IR frequency combs starting from well-established compact near-IR sources. The intrinsic phase and frequency locking between the long-wavelength output and the near-IR source, low power requirement, and significant spectral broadening are among the important features of these systems.
